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Principles  of  Frequency  Doubling  with  a  Diode 


The  generation  of  harmonics  with  a  diode  can  be 
conceptualized  from  the  viewpoint  of  the  current -voltage 
(I-V)  curve  of  the  general  diode,  as  illustrated  in  Figure 
1.  Due  to  the  nonlinearity  of  the  diode,  a  sinusoidal  signal 
that  passes  through  the  diode  gets  distorted.  The  distorted 
output  signal,  by  definition,  must  have  higher  frequency 
Fourier  ccnpcnents. 

The  basic  schematic  of  the  frequency  doubler  is 
illustrated  in  Figure  2.  The  doubler  was  matched  to  50  ohm 
lines.  Hie  lcwpass  filter  serves  the  purpose  of  preventing 
reflections  of  the  higher  harmonics  from  reaching  the 
frequency  source.  This  allows  the  source  to  produce  a  clean 
signal.  It  also  helps  prevent  noise  from  the  frequency 
source  at  the  desired  doubled  frequency  from  reaching  the 
diode  and  the  output  port  of  the  doubler.  The  bandpass 
filter  allcws  only  the  desired  harmonics  to  reach  the  output 
port.  The  resistor  determines  the  dc  bias  of  the  diode. 

The  manufacturer  which  supplied  the  diode  for  this 
project  was  M/A-COM,  Inc.  The  diode  which  M/A-COM 
recommended  is  a  "dual-mode"  diode,  part  &1A44706.  The  term 
"dual  mode"  is  jargon  used  by  M/A-COM  to  refer  to  the 
two  specific  mechanisms  in  this  type  of  diode  which  produce 
the  harmonics.  One  mechanism  is  the  abrupt  change  in  diode 
capacitance  versus  bias  voltage,  as  illustrated  in  Figure  3  . 
[1] 
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Figure  1:  Representation  of  signal  distortion  by  the  diode. 
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Network 
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Impedance  Bandpass 
Matching  Filter 
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Key: 

...Characteristic  impedance  of 
transmission  line 


.Dual-mode  diode 


Rjj . Bias  resistor 


Figure  2:  Basic  schematic  of  frequency  doubler 
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The  other  harmonics -producing  mechanism  in  a  dual  mode 
diode  is  an  abrupt  change  in  charge  versus  input  drive 
voltage.  During  the  positive  half  of  a  sinusoidal  signal, 
charge  is  stored.  This  charge  is  then  extracted  during  the 
negative  half  of  the  cycle.  The  diode  has  a  low  impedance 
until  it  is  completely  discharged.  The  charge  is  completely 
extracted  before  the  end  of  the  negative  half  of  the  cycle, 
at  which  time  the  diode  stops  conducting,  creating  a  sudden 
change  (snap)  to  high  impedance,  as  illustrated  in  Figure  4. 
[2]  The  time  period  from  the  start  of  the  cycle,  when  the 
diode  begins  to  charge  up,  to  the  end  of  discharge  is  called 
the  lifetime.  [3]  The  snap  causes  the  formation  of  a 
voltage  pulse,  which  may  be  rich  in  harmonics.  Snaptime  is 
the  time  it  takes  for  the  diode  to  change  from  conducting  to 
nonconducting  during  the  snap.  [4] 
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The  efficiency  of  the  diode  Eff  may  be  affected  by  the 
diode's  upper  cutoff  frequency,  as  expressed  by  the  following 
equation: 


Eff  =  exp  (-a  Fout/Fc)  (1) 

where  a  is  a  constant  which  depends  on  the  drive  level  and 
the  capacitance  voltage  law  of  the  diode,  F^t  is  the  desired 
output  frequency  in  GHz,  and  Fc  is  the  cutoff  frequency  of 
the  diode  in  GHz  at  a  self  bias  voltage  (usually  about  -6 
volts) .  For  a  dual  mode  diode  at  a  drive  level  of  -6  volts, 
a  =  6.9.  [5] 

Taking  the  natural  log  of  both  sides  of  equation  (1)  and 
solving  for  Fc,  the  following  equation  is  obtained: 


Fc  =  -a  Fout/ln(Eff ) .  (2) 

Multiplier  diodes  used  in  x2  multiplication  tend  to  have 
efficiencies  up  to  60%.  [6]  Using  equation  (2),  and  plugging 
in  several  values  of  efficiency,  values  of  cutoff  frequency 
have  been  calculated  and  tabulated  in  Table  1. 


Table  1:  Diode  efficiency  vs.  diode  cutoff  frequency 

Diode  Efficiency  Diode  Cutoff  Frequency,  GHz 


60% 

127 

20% 

40 

10% 

28 

1% 

14 

Pram  Table  1 ,  it  becomes  obvious  that  the  theoretical  values 
of  cutoff  frequency  are  likely  to  be  comfortably  higher  than 
the  desired  output  frequency  of  9.4  GHz.  Most  modem  dual  - 
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mode  diodes  have  cutoff  frequencies  of  200  to  300  GHz 
minimum.  [7]  The  MA44706  diode  is  listed  in  the  M/A-COM 
Semiconductor  Products  Master  Catalog  #SP101  as  having  a 
minimum  cutoff  frequency  of  200  GHz,  which  is  much  higher 
than  the  theoretical  values. 

Figure  5  illustrates  the  diode  model  reccnroended  by 
M/A-COM.  The  inductance  L  is  assumed  to  be  negligible, 
junction  resistance  and  capacitance  vary  nonlinearly  with  the 
signal  voltage. 

Most  dual  mode  diodes  work  best  with  self  bias,  which 
is  controlled  by  a  bias  resistor  Rb  in  parallel  with  the 
diode.  The  power  of  the  input  signal  sets  up  a  dc  bias  level, 
so  that  Rb  controls  the  current  through  the  diode.  [8] 


Key. 


L  =  Inductance 
Cp  =  Package  capacitance 
C  j  =  Junction  capacitance 
Rj  =  Junction  resistance 
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For  dual-mode  diodes,  the  suggested  bias  resistance  is 
given  by 


IOTl 

Rb  *  -  (3) 

(N2)  (Qr.6) 

where  TL  is  the  lifetime  in  seconds,  N  is  the  multiplication 
order  (2  in  the  case  of  a  frequency  doubler)  and  Or-6  is  the 
total  diode  capacitance  at  -6  volts.  [9] 

Based  on  the  diode  model,  assuming  L  is  negligible, 
Ct-6  =  Cj  +  Cp,  since  the  sum  of  parallel  capacitances  give 
the  total  capacitance.  Thus,  equation  (3)  becomes 

IOTl 

Rb* -  .  (4) 

(N2)(Cj  +  Cp) 

The  manufacturer  indicated  that  the  junction  capacitance 
of  dual  mode  diode  &4A44706  tends  to  vary  from  diode  to  diode 
between  0.3  pF  and  0.5  pF  when  a  bias  voltage  of  -6  volts  is 
applied.  [10] 

Table  2,  lists  data  on  the  #M&44706  diode  necessary  for 
calculating  Rb. 


Table  2:  Manufacturer  Data  on  the  #MA44706  Diode  [11] 
Parameter  Value 


junction  Capacitance,  Cj  0.4  pF 
Package  Capacitance,  Cp  0.18  pF 
Lifetime,  Ifc  10  ns 
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Using  the  information  in  Table  2,  the  bias  resistance 
Bb  ubs  calculated  as  follows : 

IOTl 

Rb  =  - 

(N2)  (Cj  +  Cp) 

10(10  X  10-9  s) 

=  _  =  35,714.3  Cl 

(2)2 (0.4  X  10-12  F+0.3X  10-12  F) 

The  manufacturer  suggested  the  use  of  a  variable 
resistor  since  the  actual  value  of  Rb  may  vary  substantially 
from  the  theoretical  calculated  value.  The  calculation  above 
provides  only  a  rough  starting  point. 


filter  PtglflP 


The  lowpass  filter  was  designed  to  allow  frequencies  up 
to  4.7  GHz  to  pass  through  it.  However,  in  order  that  the 
frequency  doubler  be  relatively  wide  band,  it  was  necessary 
to  allow  frequencies  a  little  higher  through  the  filter. 
Therefore,  an  upper  frequency  passband-edge  of  about  6  GHz 
was  chosen. 

The  design  process  of  a  microstrip  filter,  as  outlined 
by  Bahl  [12],  consists  of  three  basic  steps.  The  first  step 
is  to  design  a  prototype  lowpass  filter  with  the  desired 
passband  characteristics.  The  second  step  consists  of  a 
trans formation  of  the  prototype  network  to  the  required  type 
of  filter  (lowpass,  highpass,  bandpass  or  bands top)  with 
specified  center  and/or  band-edge  frequencies.  The  third 
step  is  the  realization  of  the  network  in  terms  of  lumped 
and/or  distributed  circuit  elements.  Figure  6  illustrates 
the  parameters  of  interest  for  the  lowpass  filter  [13] .  A 
Chefcyshev  filter  model  was  assumed,  with  the  passband-edge 
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f  2  =  passband  edge  frequency  =  C0j72n: 

Lm  a  Ripple  Factor 

Ls  a  minimum  insertion  loss  of  stopband-edge 

(also  called  minimum  stopband  insertion  loss) 
f  s  a  stopband-edge  =  cog*  12 n 


Figure  6:  Parameters  of  interest  for  the  lowpass  filter. 

frequency  represented  by  fi,  the  ripple  factor  represented  by 
Lm,  the  stopband-edge  represented  by  fs,  and  the  minimum 
stopband-edge  insertion  loss  designated  by  Ls.  Ttoo  notations 
for  the  frequency  domain  are  shown  in  Figure  6  since  sane 
authors  prefer  to  represent  the  frequency  in  terms  of  GHz 
while  others  prefer  to  represent  it  in  terms  of  radians  per 
second.  The  cutoff  frequency  f  c  is  defined  where  the  signal 
power  is  half  the  peak  power  in  the  passband.  Usually,  fi  is 
only  slightly  less  than  fc,  so  for  all  practical  purposes  fi 
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and  £c  are  approximately  equal. 

In  designing  the  lowpass  filter,  the  author  made  sane 
significant  errors.  The  following  discussion  on  the  correct 
design  is,  in  turn,  followed  by  a  discussion  of  the  incorrect 
design  and  the  results. 

The  correct  design  process  was  initiated  by  choosing 
fi,  fs  and  Ls,  and  calculating  fs/fi,  or  ojs'/cdi'.  These 
parameters  were  applied  to  the  nomograph  illustrated  in 
Figure  7  in  order  to  determine  the  number  of  sections  n  the 
filter  should  have  [14] .  In  the  nomograph,  the  scale  labeled 
"Insertion  Loss  -  dB"  refers  to  I*. 

Table  3  illustrates  two  trials  of  parameters  and  the 
resulting  number  of  sections.  For  Chebyshev  filters,  an  even 
number  of  sections  yields  different  values  for  the  first 
normalized  immittance  element  value  go  and  the  last  (load) 
element  value  gn+i-  This  is  undesirable  since  an  impedance 
matching  network  would  then  be  necessary  to  return  to  a  50 
ohm  line.  Thus,  an  odd  number  of  elenents  was  favored. 


Table  3:  Two  trials  of  lowpass  filter  design 
parameters  and  the  resulting  nuwiher  of  sections. 


L* 

I* 

fi 

f. 

u/u 

n 

Coomsnts 

0.2 

30 

6.0 

19.2 

3.2 

3 

Preferred 

0.2 

30 

6.0 

13.2 

2.2 

4 

Not  desired 

Figure  8  illustrates  the  lowpass  prototype  filter  for 
n  =  3.  The  series  element  values,  gi  and  g3,  represent 
normalized  impedances.  The  shunt  element  value  g2  represents 
a  normalized  admittance.  The  first  element  value  go  r^aresents 
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Figure  7:  Nomograph  for  selecting  number  of  sections 
of  Chebyshev  filter  for  given  ripple  and  insertion 
loss  in  stopband. 


Figure  8:  Circuit  diagram  of  lowpass  prototype  filter  (lumped-element  model). 
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Table  4*  Clement  values  for  a  Chebyshev  lowpass  prototype 
filter.  Note  that  go  ■  1. 


VaiiM 

at  ft 

9> 

St 

9i 

9. 

0 1 

9* 

(i 

0* 

0* 

9m 

9m 

0.01*41  Mpof 


1 

2 

3 

4 

5 

9 

7 

• 

9 

10 

0.0940 

0  4400 

0.0291 

0.7120 

0.7903 

0.7013 

0.7909 

0.0072 

OLOI44 

04190 

iiiiiiiiii 

1.1007 

04291 

1.3212 

1.5773 

1.9090 

1.7401 

1.7024 

1.9043 

14192 

isiiisis 

1.1007 

0.7963 

1.4970 

1.7461 

14929 

14097 

14362 

1.0000 

0.7006 

14924 

14193 

1.7129 

1.7900 

1.1007 

0.7909 

1.9994 

14043 

1.0000 

0.7333 

1.4270 

14027 

1.1007 

04144 

14017 

1.0000 

0.7440 

1.1007 

0.1*00  Ajppla 

1 

1.0000 

. 

2 

04430 

0.0220 

1.3994 

3 

1.0319 

1.1474 

1.0319 

1.0000 

4 

1.1000 

1.3001 

1.7703 

04190 

1.3994 

5 

1.1400 

1.3712- 

1.9790 

14712 

1.1460 

14000 

0 

1.1001 

1.4030 

2.0902 

1.5170 

1JQ29 

04019 

14904 

7 

1.1011 

1.4220 

2.0000 

1.5733 

24006 

1.4220 

1.1911 

1.0000 

« 

1.1907 

1.4340 

2.1100 

14010 

2.1600 

14040 

14444 

04770 

14994 

9 

1.1990 

1.4429 

2.1349 

14167 

24093 

14167 

2.1345 

1.4429 

1.1996 

1.0000 

10 

1.1909 

1.4401 

2.1444 

14269 

24293 

1.6419 

2J0H 

1.9021 

14020 

04093 

14964 

• 

04*00  ftfeWa 

1 

04342 

1.0000 

2 

1.0379 

04749 

1.9306 

3 

12275 

1.1929 

14275 

1.0000 

4 

14020 

1.2044 

14761 

04469 

14396 

s 

14304 

14370 

2.1660 

1.3370 

14394 

1.0000 

6 

14900 

14032 

24394 

1.4906 

2.0974 

04030 

14306 

7 

14722 

14701 

24796 

1.9001 

24796 

14791 

14722 

1.0000 

0 

14004 

14079 

24963 

1.5217 

24413 

1.4029 

2.1349 

04972 

1.9306 

9 

14000 

24003 

1.5340 

24720 

14340 

24003 

14930 

14960 

1.0000 

10 

14901 

14003 

24191 

1.5417 

24904 

1.9936 

24720 

1.9066 

2.1914 

04034 

1.9396 

0.5*04  Mppte 

1 

04990 

1.0000 

2 

1.4029 

0.7071 

1.9841 

3 

14003 

1.0007 

1.5963 

1.0000 

4 

14703 

1.1926 

2.3661 

04419 

1.9641 

S 

1.7009 

1.2200 

2.5409 

1.2296 

1.7096 

1.0000 

6 

1.7294 

14479 

2.6064 

1.3137 

2.4756 

04696 

1.9041 

7 

1.7372 

14903 

2.6391 

1.3444 

2.6301 

14903 

1.7372 

1.0000 

9 

1.7491 

1.2047 

2.6564 

1.3990 

2.6964 

1.3309 

2.5003 

0.9796 

1.9041 

9 

1.7904 

14000 

2.6678 

1.3673 

2.7239 

1.3673 

2.6679 

14090 

1.7904 

1.0000 

10 

1.7943 

1.2721 

2.6794 

1.3729 

2.7302 

1.3006 

2.7231 

14409 

24239 

04042 

14941 

12 


normalized  impedance  as  seen  from  the  filter  when  looking 
towards  the  signal  source.  The  last  element  value  g4 
represents  normalized  irrpedance  as  seen  by  the  filter  towards 
the  right,  i.e.,  it  represents  the  load. 

Equations  to  obtain  the  normalized  imrdttance  element 
values  for  Chebyshev  filters  are  provided  throughout  the 
microwave  literature,  such  as  by  Bahl  [15] .  However,  using 
these  equations,  the  element  values  have  been  tabulated  by 
Bahl  [16]  for  the  convenience  of  engineers.  The  tabulated 
element  values  are  repeated  in  Table  4. 

Using  Table  4 ,  for  1^  =  0.2  dB  and  n  =  3 ,  the  element 
values  have  been  obtained,  as  shown  in  Table  5. 


Table  5:  Element  values  of  the  lowpass  filter  and 
corresponding  immittances,  capacitances  and 


inductances: 

k  Element 
value 

0  go  =  1.0000 

1  gi  =  1.2275  =  Zi/Zo 

2  g2  =  1.1525  =  Y2/Y0 

=  Zo/Z2 

3  g3  =  1.2275  =  Z3/Z0 

4  94  =  1.0000 


I*  Ck 

(Henry)  (Picofarad) 


1.63x10-9 

0.611 

1.63x10-9 


Notes:  Zo  =  50  £2  and  Yo  =  (1/50)  nhos. 

All  element  values  are  normalized  to  50  £2. 


The  transformation  of  the  lowpass  prototype  to  the 
desired  frequency  band  and  irrpedance  level  was  achieved  by 
using  the  following  two  equations  [17] : 
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Lk  =  gk(Zo/2rcfi)  for  series  inductors, 

and  (5) 

Ck  =  gk(l/2JCfiZo)  for  shunt  capacitors. 


where  k  represents  the  kth  section,  Lk  is  the  inductance  in 
Henrys  and  Ck  is  the  capacitance  in  Farads.  In  the  first 
equation,  gk  is  normalized  iirpedance  (Zk/Zo)  whereas  in  the 
second  equation  gk  is  normalized  admittance  (Yk/Yo) .  These 
capacitances  and  inductances  are  shown  in  Table  5. 

Figure  9  illustrates  the  transformation  of  the  circuit 
in  Figure  8  to  a  distributed  circuit.  The  series  inductors 
were  replaced  by  short  circuited  series  stubs  and  the  shunt 
capacitor  was  replaced  by  a  shunt  open-circuited  stub,  as 
shown.  Each  of  these  stubs  was  an  eighth  of  a  wavelength 
long  (1/8)  at  the  cutoff  frequency.  This  follows  the  theory 
of  Richard's  Transformation,  which  states  that  an 
open-circuited  stub  that  is  1/8  long  behaves  like  a  capacitor 
while  a  short-circuited  stub  that  is  1/8  long  behaves  like  an 
dndjctor.  [18] 
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Figure  9:  Transformation  of  lowpass  filter  to  realizable  microstrip  circuit 
(Parti  of  4) 
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c)  The  lowpass  filter  after  adding  unit  length  sections  in  preparation  for 
use  of  Kuroda  identities. 


d)  Kuroda  identity  used  to  transform  all  series  inductive  elements  to  shunt 
capacitive  elements.  ZB  represents  the  normalized  impedance  of  the 
unit  length. 


nJ  =1  +  Z,/ZA 


Figure  9:  Transformation  of  lowpass  filter  to  realizable  microstrip  circuit 
(Fart  2  of  4) 
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Figure  9:  Transformation  of  lowpass  filter  to  realizable  microstrip  circuit 
(Part  3  of  4) 


g)  Microstrip  version  of  lowpass  filter.  Again,  the 

sections  are  numbered.  The  width  of  each 

section  is  found  by  using  the  program  '’Microstrip". 

i . » 

1 

„  i 

m  I 

1 

/  4 

? 

1 

4 

_r 

Z2 

l 

3 

i 

5 

Figure  9:  Transformation  of  lowpass  filter  to  realizable  microstrip  circuit 
(Part  4  of  4) 


Series,  closed-circuited  stubs  cannot  be  realized  using 
microstrip  circuits,  so  it  was  necessary  to  use  Kuroda 
identities  to  convert  the  series  closed-circuited  stubs  to 
shunt  open-circuited  stubs,  as  outlined  by  Pozar  [19] . 
First,  an  eighth-wavelength  of  50  Q  line,  called  a  unit 
length,  was  placed  to  the  left  of  the  first  series  stub  and 
another  unit  length  was  placed  to  the  right  of  the  second 
series  stub.  Then,  the  Kuroda  identity  shewn  in  Figure  9d 
was  used  to  convert  the  series  stubs  to  shunt  stubs.  This 
identity  converts  an  inductor  in  series  with  a  unit  length  to 
a  transmission  line  in  series  with  a  shunt  capacitance. 

For  the  first  series  inductor,  Z&  =  gi  =  1.2275  and 
Zb  =  1,  since,  in  the  Kuroda  identity,  Zb  is  the  unit  length 
impedance.  Thus,  the  identity  yields  the  following 
calculations: 


n?  =  1  +  Zb/Za  =  1  +  1/1.2275  =  1.8147 
(Note  that  n  here  has  nothing  to  do  with  nuntoer  of  sections, 
but  refers  only  to  Kuroda  identities . ) 
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So  the  right  side  of  the  identity  yields: 
n2ZA  =  (1.8147)  (1.2275)  *  2.2275  =  normalized  iitpedanoe 
1/(h?Zb)  *  l/[  (1.8147) (1)  *  0.5511  *  normalized  admittance 

The  resulting  circuit  is  shown  in  Figure  9e .  Figure 
9f  shows  the  same  circuit  with  the  inpedance  value  of  each 
section.  The  sections  were  numbered  for  convenience. 

In  order  to  transform  the  filter  to  a  microstrip 
circuit,  a  program  called  "Microstrip"  was  utilized.  This 
program,  written  by  an  engineer  at  Fort  Monmouth,  employs  a 
system  of  equations  described  in  detail  in  Appendix  A.  The 
parameters  that  the  user  enters  into  "Microstrip"  are  the 
circuit  board  dielectric  constant,  the  dielectric  thickness, 
the  height  of  the  metal  casing  above  the  circuit  board 
ground,  the  copper  thickness  and  the  design  frequency,  as 
illustrated  in  Figure  10.  The  user  can  then  find  either  the 
width  of  a  transmission  line  for  a  given  impedance  or  vice 
versa.  The  program  then  provides  the  values  for  k,  x/4  and 
k/B  along  the  transmission  line  in  question.  A  value  of 
100,000  microns  was  entered  for  the  height  of  the  casing 
above  the  circuit  since  the  circuit  was  designed  with  no 
casing  involved,  i.e.,  the  case  height  was  essentially 
infinite.  All  the  values  which  were  entered  are  shown  in 
Figure  10.  The  resulting  dimensions  are  listed  in  Table  6. 


Metal  Casing 


Dielectric 

Copper 


er  =  Ej.  =  dielectric  constant  =  2.2 
h  =  dielectric  thickness  =  787.4  microns 
h2  -height  of  metal  casing  above  circuit  board  ground 
=  100,000  microns 

t  =  thickness  of  copper  =  12.7  microns 
freq  *  design  frequency  (=  6.0  GHz  =  cutoff  frequency 
for  lowpass  filter) 

Two  Alternatives  Then  Open  to  the  User: 

1) Enter  Z0,  where  Z0  =  characteristic  impedance  of  transmission  line. 

Obtain  the  following  output  parameters:  W  and  X, 

where  X  =  wavelength  along  transmission  line  section  and 
W  =  width  of  transmission  line  section. 

2)  Enter  W  and  obtain  the  following  output  parameters:  Z0  and  X. 


Figure  10:  Paramters  of  "Microstrip"  program.  The  value  shown  for  the 
design  frequency  is  the  passband  edge  frequency  for  the 
lowpass  filter.  The  other  input  parameter  values  apply 
to  all  microstrip  sections  of  the  frequency  doubler. 


20 


Table  6 1  Dimension*  of  filter  sections  re  axil  ting  from 
the  use  of  the  "Micros trip"  program. 

Keys 

k  =  section  nutter 
Zk  =  inpedance  of  kth  section 
wk  =  width  of  kth  section 
Ik  =  length  of  kth  section 

k  Zk,  a  lk#M* 

0  50  ohms  2392.1  1/8  =  4542.9 

1  90.735  ohms  2924.2  lx  =  4542.9 

2  111.375  ohms  1436.2  12  =  li 

3  43.38  ohms  6009.5  13  =  li 

4  111.375  ohms  1436.2  I4  =  ll 

5  90.375  ohms  2924.2  15  =  li 


When  the  lowpass  filter  was  initially  designed 
incorrectly,  Kuroda  identities  were  not  used. 

With  Lm  =  0.2  dB,  fs/fi  was  chosen  to  be  6.0/10.0  =  1.7,  so 
the  nomograph  in  Figure  7  yielded  n  =  5.  The  resulting 
element  values  are  shewn  in  Table  7. 


The  inductors  shown  in  Figure  11  were  mistakenly  converted 
to  transmission  lines  of  impedances  shewn  in  Table  7.  This 
changed  a  five-pole  circuit  to  a  three-pole  circuit.  The 


'Micros  trio" 


'H'  T  T  Til 


was  then  utilized  as  shown  in  Table  8. 


Figure  11:  Five-Pole  lowpass  prototype  filter. 


ZL 


Table  7:  Hi— ent  valuu,  iamittances,  capacitances  and 
inductances  for  the  incorrect  loepass  filter.  Note 
that  the  element  values  are  nozaalized  to  50  ota*. 


k 

Element 

Corresponding 

Lk 

Ck 

values 

Unnittance 

(Henry) 

(Picofara 

0 

go  =  1.0 

Zo  =  50  chms 

1 

gi  =  1.1468 

Bi  =  gi/Zo 

=  0.0229  ntos 

0.608 

2 

Qi  =  1.3712 

Z2  =  g2Zo 

=  68.56  ohms 

1.82x10-9 

3 

g3  =  1.9750 

B3  =  g3/Zo 

=  0.0395  mhos 

1.05 

4 

<3i  =  92 

Z4  =  Z2 

1.82x10-9 

5 

gs  =  gi 

B5  =  % 

0.608 

6 

ge  =  go 

Zq  =  50  chans 

Table  8:  Dimensions  of  filter  sections  (for  incorrect  filter) 
resulting  from  the  use  of  the  "Microstrip"  program. 

Key: 

k  =  section  nurnber 
Zk  =  inpedance  of  kth  section 
wk  =  width  of  kth  section 
It*  =  length  of  kth  section 


k 

Zk>  a 

"k#M» 

ltk#M* 

0 

50  ohms 

2392.1 

1/8  =  4542.9 

1 

1/Bi  =  43.60  ohns 

2924.2 

ll  =  4542.9 

2 

68.56  dtms 

1436.2 

12  =  li 

3 

I/B3  =  25.32  ohms 

6009.5 

13  =  ll 

4 

68.56  ohms 

1436.2 

I4  =  ll 

5 

I/B5  =  43.60  ohms 

2924.2 

15  =  ll 
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In  order  to  isolate  the  circuit  frczn  unwanted  dc  bias,  a 
chip  capacitor  placed  in  series  with  the  lcwpass  filter  was 
necessary.  A  3.3  pF  capacitor  was  available.  Since  a 
capacitor  in  series  with  a  50  Q  line  behaves  like  a  highpass 
filter  with  a  cutoff  frequency  f  hp,  it  was  informative  to 
find  out  the  cutoff  frequency  in  order  to  be  sure  that  it  was 
well  belcw  the  frequencies  of  operation.  This  was  done  as 
follows  [20]: 

1  1 

fap  * _  * _  =  0.965  GHz  (6) 

2jiRC  2jc(50  Q) (3.3  X  10-12  F) 

Thus,  fjjp  was  nuch  less  than  the  frequencies  of  interest. 

The  lowpass  filter,  including  the  capacitor,  was 
simulated  on  a  Hewlett-Packard  GAD  system  named  "Microwave 
Design  System",  or  "MDS".  The  ccnputer  drawing  of  the  filter 
is  shown  in  Figure  12.  The  sections  are  represented  by 
rectangular  boxes  separated  by  zero-resistance  wires. 
Pertinent  parameters  are  listed  near  each  section.  Length  is 
designated  by  L  and  width  is  designated  by  W.  The  units  are 
microns,  designated  by  um.  The  lengths  and  widths  are 
assigned  to  variables  which  are  defined  in  the  equations 
above  the  diagram.  On  the  upper  left  hand  side  of  the 
drawing  are  listed  the  circuit  board  dimensions  and 
parameters  that  were  used  for  this  design.  For  instance,  the 
dielectric  thickness  is  listed  as  H  *  787.4  microns  (or  31 
mils).  The  copper  thickness  T  is  assumed  to  be  zero,  the 
default  value.  ER  represents  the  dielectric  constant,  and 
OOND  denotes  the  default  conductivity  of  the  copper. 

Using  MDS,  the  filter  dimensions  were  altered  slightly 
until  desired  simulated  results  were  obtained.  For  example, 
the  length  of  the  sections  was  increased  until  the  simulated 
cutoff  frequency  was  brought  down  from  8.6  GHz  to  the  desired 
cutoff  frequency.  The  widths  of  the  stubs  were  adjusted  to 
decrease  the  reflections  belcw  the  cutoff  frequency.  (The 
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altered  dimensions  are  shown  in  Figure  12  . )  These  results 
were  plotted  on  computer  and  are  shown  in  Figure  13. 
Markers  M2  and  M4  are  on  the  S21  plot,  vyhile  marker  Ml  is  on 
the  Sll  plot.  The  frequencies  of  markers  MI,  M2  and  M4  are 
designated  ty  II,  12  and  14  respectively.  The  power  levels 
are  designated  by  the  marker  names,  i.e. ,  Ml,  M2,  etc. 
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Figure  13:  Computer  simulated  response  of  the  lowpass 
filter. 
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n  > 


Figure  14  gives  the  dimensions  of  the  actual  filter  as 
it  was  fabricated. 

The  lowpass  filter  was  etched  out  of  a  31  mil  thick 
circuit  board  of  dielectric  constant  2.2.  The  chip  capacitor 
was  soldered  in  place,  and  the  whole  lowpass  circuit  was 
mounted  onto  a  brassboard  via  screws  at  the  four  comers. 
Its  photograph  is  shown  in  Figure  15.  The  filter  was  tested 
on  a  Hewlett  Packard  8510B  network  analyzer,  yielding  the 
results  plotted  in  Figure  16.  In  the  plot,  Sll  is  labeled  1 
and  S21  is  labeled  2.  Table  9  compares  the  desired 
response,  simulated  results  and  actual  results. 


Figure  14:  Dimensions  of  lowpass  filter,  in  millimeters. 
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Figure  15s  Photograph  of  lcwpass  filter.  The  author 
mistakenly  built  it  with  the  capacitor  cn 
the  right  side  of  the  filter  instead  of  cn 
the  left  side.  However,  so  long  as  the 
capacitor  and  filter  are  in  series  the 
same  response  results. 


I  o  g  MAG 


I  o  g  MAG 


Sll 

REF  0.0  dB 
1  10.0  dB/ 

V  -30.084  dB 


®2l 

REF  0.0  dB 
X  10.0  dB/ 
V  -0.5512  dB 


START  3.000000000  GHz 
STOP  13 . 000000000  GHz 


Figure  16:  Plot  of  lowpass  filter  response. 
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Table  9:  Comparison  of  desired,  simulated  and 
actual  results  of  lowpass  filter. 


Desired 

Ripple  Factor  = 
f  1  *  £c  *  6.0  GHz 
fs  *  10.0  GHz 
Lb  *  30.0  dB 


Simulated 

s  0.2  dB  L(q  s  0 

S21  =  -3.0  dB  0  fc  88  6.2  GHz 
S21  *  -30  dB  @  f a  ■  7.4  GHz 
S21  *  -66.4  dB  §  9.43  GHz 

Actual  Results: 


I*  -  0.79 

@  f i  -  6.05  GHz,  S21  * 
@  f a  =  8.25  GHz,  S21  = 
§  f  a  9.4  GHz,  S21  « 


-1.4  dB  and  Sll  *  -8.11  dB 
-29.83  dB:  Ls  *  29.83  dB 
-29.70  dB 


Output  Coupled-Line  Bandpass  Filter  Design 


The  desired  bandwidth  for  the  frequency  doubler  was  10% 
of  the  design  frequency.  Since  the  design  frequency  was  9.4 
GHz,  the  desired  output  bandwidth  was  0.94  GHz.  However,  as 
explained  by  Cohn  [21],  the  actual  bandwidth  of  a  coupled- 
line  bandpass  filter  is  always  lass  than  the  value  assumed  in 
the  design.  Thus,  as  a  rule  of  thumb,  the  filter  should  be 
designed  for  a  somewhat  larger  bandwidth  than  is  actually 
desired.  Using  the  MDS  CAD  system,  several  bandwidths  were 
tried  until  the  simulated  results  were  considered  reasonable. 

The  design  process,  outlined  by  Bahl  [22],  is  similar  to 
that  of  a  lowpass  filter  but  involves  many  more  calculations. 

Figure  17  defines  the  pertinent  design  parameters  and 
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compares  them  with  the  corresponding  lowpass  prototype 
characteristics.  [23]  [24]  As  with  the  lcwpass  filter  design 
discussed  earlier,  a  Chebyshev  response  was  assumed.  Belcw 
are  listed  the  design  parameters  used  for  the  bandpass 
filter: 


Lb  =  36  dB 

Ifli  =  Ripple  Factor  =  0.1  dB 
fr  =  center  frequency  of  passband  =9.4  GHz 
fi  =  8.74  GHZ 
f2  =  10.06  GHz 

BW  =  Bandwidth  =  1.316  GHz  =  0.14  fr 

fa  =  edge  of  lower  stopband  =  f i  -  1  GHz  =  7.74  GHz 

fb  =  edge  of  upper  stopband  =  f2  +  1  GHz  =  11.06  GHz 

After  the  design  parameters  were  chosen,  oos'/wi'  was 
calculated  as  lews  [2: 

(Os'  fr 


coj/  BW 
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Figure  17:  Comparison  of  lowpass  filter  prototype  characteristics  with  the 
corresponding  bandpass  filter  characteristics. 
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By  applying  cife'Aoi'  =  2.33,  I*,  =  0.1  dB,  and  Ls  =  36  dB 
to  the  nomograph  in  Figure  7 ,  the  number  of  sections  n  was 
found  to  be  5 .  By  applying  n  and  Lm  to  Table  4 ,  the 
Chebyshev  element  values  were  obtained,  as  shewn  in  Figure 
18. 


Figure  18  shows  cne  of  several  possible  lumped-element 
models  of  a  bandpass  filter.  [26]  The  series  inductance  and 
series  capacitance  for  the  kth  section  were  found  fran  the 
following  two  equations  [27] : 


gkZo  2n  BW 

Ik  — -  ,  Ck  = -  (8a) 

2k  EM  g^Zocoo2 

where  cod  =2fl£r.  The  shunt  inductor  and  capacitor  for  the  kth 
section  were  found  fran  the  following  two  equations  [28] : 

2k  BW  Zo  gk 

Lk  = -  ,  Ck  = -  (8b) 

gkefc2  2jt  BW  Zo 
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0 

1 

2 

3 

4 

5 

6 


Element 
Values,  g  k 

=  1.0000 
=  1.1468 
=  1.3712 
=  1.9750 
=  1.3712 
=  1.1468 
=  1.0000 


So 

1 

I 


Lk 

Qc 

Comments 

(Henry) 

(Farad) 

50  ohm  line 

6.935x1 0*9 

4.134xl0‘14 

Series  section 

8.644xl0-n 

3.317xl0"12 

Parallel  section 

1.194x10 '8 

2.401xl0'14 

Series  section 

8.644X10-11 

6.935x10 

3.317x10 '12 

Parallel  section 

4.134xl0"14 

Series  section 
50  ohm  line 

Figure  18:  Lumped  element  model  of  bandpass  filter.  Note  that 
Zl  =  load  impedance. 


Figure  19  illustrates  a  coupled-line  bandpass  filter 
with  5  sections.  The  length  of  each  resonating  section 
equals  a  quarter  wavelength  at  9.4  GHz  along  a  50  Q  line. 
Using  the  Microstrip  program,  this  length  was  found  to  be 
1/4  —  5781  (An. 
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Figure  19:  A  coupled-line  bandpass  filter  with  5  interior  sections. 


In  order  to  obtain  the  desired  impedance  for  each 
section  of  the  filter,  a  lengthy  group  of  equations  was  used. 
They  make  use  of  K- inverters  in  addition  to  even-mode  and 
odd-mode  impedances  in  order  to  find  the  widths  of  resonators 
and  the  spaces  between  resonators.  These  equations  are 
outlined  in  Tables  10  and  11.  Table  12  summarizes  the 
design  parameters  derived  fron  these  equations. 
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Table  10:  Finding  the  widths  of  the  resonators  of  a 
bandpass  filter. 


Even  and  Odd  Impedances  for  Exterior  Sections  [29] : 

(Zo«)01  =  <Zoe)n,n+l  =  Z0{1  +  [1  +  (gi/2)tan(fa  )]-!/*} 

and  (9) 

(Zoo)oi  =  (Zoo)n,n+i  =  Zo{l  -  [1  +  (gi/2)tan(<|>i)  ]~1/2}  , 
where 

(Zoe)k,k+-i  *  even  impedance  of  the  kth  section, 

(Zoo)k,k4-i  *  odd  impedance  of  the  kth  section, 

Z0  *  50  Q, 

<j>!  «  jifi/2fr  -  ( reX8.74 GHz)/ [2(9.40  GHz)]  *  1.4605  radians 


Impedance- Inverters  for  Interior  Sections  [30] : 

Kk,k+1 

- =  («/4)(BW/fr)(l/gkgk+1)l/2  (10) 

Zo 
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Table  10  (continued) : 

Even  and  Odd  Impedances  of  Interior  Sections  [31] : 

(Z<»)k,k+1  *  (P)[Nk,k+l+  ($c,k+l/Zo)] 

and  (11) 

(Zoo)k,k+l  *  (P)[Nk,k+l  "  (Kk,k+l/Zo)] 


where 


2giZ0 

P- _  (12) 

2  +  gitanOh) 
and 

Nk,k+i  =  {[Kk,k+i/Z0)2  +  [(tan  ♦O/W'2  (13) 


Inpedance  of  Each  Resonator  [32] : 

Zk,k+1  *  [(Zoe)k,k+l  ( Zoo)k,k+l]1^2  (14) 

This  last  equation  is  then  applied  to  the  "Microstrip" 
program  in  order  to  obtain  the  width  of  section  nunfcer  k,k+l. 
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Table  11:  Obtaining  the  spacing 

between  resonators  [ 33 ] . 

Definition  of  Variables: 

Zos  =  even-mode  impedance  of  a  given  resonator  pair. 

Zoo  *  odd-mode  impedance  of  a  given  resonator  pair, 

W  =  width  of  microstrips  in  resonator  pair. 

H  *  thickness  of  dielectric  of  circuit  board. 

(W/F  =  W/H  of  a  single  microstrip  transmission  line  of 
characteristic  impedance  7^/2. 

(W/H) *3  »  W/H  of  a  single  microstrip  transmission  line  of 
characteristic  impedance  Zoo/2. 


Spk'fcti  *  spacing  between  the  resonators  of  resonator 
pair 

Finding  (W/H)M: 

60 

d  a -  (15) 

<Z«/2)<er)V2 

2  2 

(W/H)ae  = _ (d— 1)  -  _  ln(2d-l) 

n  n 

er-l 

+ _  [ln(d-l)  +  0.293  -  0.517/er]  (16) 

JC£r 
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Table  11  (cootinuad) : 


Finding  (W/H)so: 


60  jc2 

d  = -  (17) 

(Zoo/2)  ter)l/2 


2  2 

(W/H)  go  =  — (d-1)  -  _  In(2d-1) 

it  it 

er-1 

+ -  [In(d-l)  +  0.293  -  0.517/er]  (18) 

JCEr 

Finding  facing  Divided  ty  Dielectric  Thickness  (equaticn 
19) : 

Spk,k+1 

H 

-1 1  cosht  (71/2)  (W/H)  se)  ]  +  COSh[(JC/2)  (W/H) so]  -  2  I 

(2/7C)cosh  I _ _ _  I 

cosht  (JC/2)  (W/H) sq]  -  cosht  (tc/2)  (W/H) ^3 


(19) 
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Table  12:  Tabulated  design  parameters  of  bandpass 
filter. 

k,k+l  Kk,k+1  Nk,k+1  (^o«)k,k+l  (2oo)k,k+l  Zk,k+i  Wk,k+1 


(A) 


<G) 


01 

-w 

0.3097 

70.12 

29.88 

45.77 

12 

0.0877 

4.5160 

42.73 

41.10 

41.9107 

23 

0.0668 

4.5156 

42.53 

41.29 

41.905C 

34 

0.0668 

4.5156 

42.53 

41.29 

41.905C 

45 

0.0877 

4.5160 

42.73 

41.10 

41.9107 

56 

0.3097 

70.12 

29.88 

45.77 

<Q)  (Mm) 


2712.9 

3077.8044 

3078.3530 

3078.3530 

3077.8044 

2712.9 


(Continued) 


k,k+l 

(W/H).. 

(W/H)  so 

Spk,k+i 

Spk,k+1 

(pan) 

H 

01 

5.0681 

14.4289 

8.16x10-4 

0.643 

12 

9.4808 

9.9343 

1.105 

870.2 

23 

9.5345 

9.8795 

1.276 

1005.1 

34 

9.5345 

9.8795 

1.276 

1005.1 

45 

9.4808 

9.9343 

1.105 

870.2 

56 

5.0681 

14.4289 

8.16x10-4 

0.643 

Notes: 

Width  of  < 

a  50  Q  line  = 

:  Wq  =  2380  jjm 

Length  of  Each  Resonator  =  L0  =  X/4  =  5781  \xn. 
On  CAD  system,  LO  was  changed  to  5305  \iicl 


Notice  in  Table  12  that  there  is  symmetry  in  the 
parameters  between  the  first  three  pairs  of  resonators  and 
the  last  three  pairs  of  resonators,  as  may  be  expected. 
Thus,  it  was  only  necessary  to  calculate  the  the  first  three 
parameters. 


40 


A  comnent  should  also  be  made  concerning  the  widths  of 
sections  12  through  45.  The  differences  in  widths  of  those 
sections  were  smaller  than  a  tenth  of  a  micron.  This 
exceeded  the  accuracy  that  was  possible  in  the  available 
fabrication  equipment.  Thus,  their  widths  were  essentially 
the  same. 


As  with  the  lcwpass  filter,  this  filter  was  simulated  on 
MDS  and  the  filter  parameters  were  altered  until  reasonable 
simulated  results  were  obtained.  Figure  20  is  a  computer 
drawing  of  the  circuit  along  with  the  modified  parameters. 
Notice  that  the  transition  from  the  50  Q  line  to  section  01 
(the  first  pair  of  copied  resonators)  is  a  taper,  instead  of 
the  step  used  in  typical  coupled-line  bandpass  filters.  A 
taper  is  also  used  between  section  56  and  the  output  50  £2 
line.  This  innovation  served  the  purpose  of  reducing  the 
reflections  and  increasing  S21  in  the  passband. 
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Figure  20:  MDS  computer  drawing  of  bandpass  filter 
with  design  parameters  listed.  (Sheet  1  of  3) 


CMP12 
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with  design  parameters  listed.  (Sheet  2  of  3) 


s 
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In  altering  the  parameters  on  the  computer  model,  a 
couple  of  rules  of  thumb  were  utilized.  The  first  rule  of 
thumb  is  that  the  resonant  frequency  increases  as  the  lengths 
of  the  resonators  are  decreased.  The  second  rule  of  thumb  is 
that  as  the  spacing  between  a  pair  of  resonators  is 
decreased,  the  bandwidth  is  increased  while  the  ripple  factor 
is  decreased. 

This  second  rule  of  thumb  deserves  a  short  discussion. 
As  the  space  between  resonators  is  decreased,  the  coupling 
between  the  two  resonators  is  improved,  thus  reducing  the 
ripple  factor.  Now,  suppose  a  pair  of  resonators  is 
represented  very  approximately  by  a  series  KLC  section.  Hie 
capacitance  C  may  be  treated  as  a  parallel-plate  capacitor, 
where  C  -  (A  eeff  eo)/d/  A  is  the  area  of  the  plates  (i.e. , 
the  area  of  the  facing  edges  of  the  resonator  pair) ,  Eeff  is 
the  effective  dielectric  constant  and  d  is  the  space  between 
the  resonators.  The  unloaded  quality  factor  of  the  RLC 
section  is  Q  *  l/2jifRC.  If  d  is  decreased,  C  increases  and  Q 
decreases,  so  the  bandwidth  increases.  Of  course,  in 
reality,  there  is  also  a  capacitance  which  shunts  to  ground 
in  the  microstrip  resonators.  But  that  capacitance  remains 
the  same.  Only  the  series  capacitance  changes,  affecting  the 
bandwidth.  This  simplified  model  neglects  the  rest  of  the 
surface  area  of  the  resonators.  However,  the  same  basic 
principle  applies  to  those  surfaces  as  the  space  between  the 
resonators  is  varied.  Thus,  this  highly  simplified 
discussion  of  a  very  complicated  field  interaction  is  still 
valid. 


The  spacings  Spoi  and  Spse  were  too  small  to  be  realizable 
with  the  equipment  available.  Another  limiting  factor  was 
the  ability  of  the  computer  to  model  such  small  spacings. 
Thus,  they  were  assigned  the  smallest  values  which  the 
computer  could  model,  namely,  80  microns. 

Figure  21  illustrates  the  simulated  response  of  the 
filter.  It  plots  Sn  and  S21  in  dB  versus  Hz. 
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Designer:  Jeffrey  Hi  raw  I 

Si  dilation  Results  of  Design  of  25  SEPTEHBER  1992 
Dataset “DATASET2  toiaIifter»H 


ca  <r 


Figure  21:  Simulated  bandpass  filter  response  in  dB 
vs.  Hz. 
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The  bandpass  filter  was  fabricated  by  the  same 
techniques  as  the  lcwpass  filter.  Its  photograph  is  shown,  in 
Figure  22.  It  was  tested  on  the  Hewlett  Packard  8510B 
network  analyzer,  yielding  the  response  shewn  in  Figure  23 . 
In  Figure  23 ,  Sn  is  represented  by  plot  number  1  and  S21  is 
represented  by  plot  number  2 . 


Figure  22:  Photograph  of  bandpass  filter. 


Table  13  compares  the  desired  response,  simulated 
response  and  actual  response  of  the  bandpass  filter.  The 
ripple  factor  recorded  for  each  of  the  three  cases  is  the 
largest  value  of  Lm.  For  the  actual  response  of  the  filter, 
fi  and  f2  are  defined  where  the  value  of  S2i  is  3  dB  below 
that  at  fr,  thus  allowing  the  determination  of  the  3  dB 
bandwidth. 
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Table  13:  Comparison  of  the  desired  response, 
simulated  response  and  actual  response  of 
the  bandpass  filter. 

Dciitsd  Simulated 


la  »  30  dB 

1«  «  36  dB 

In  -  1.48  dB 

I«  »  0.1  dB 

@  f r  -  9.44  GHz,  S2i  -  -0.013 

fr  -  9.4  GHz 

dB  and  Sn  *  -25.15  dB 

£l  -  8.74  GHz 

e  f  1  *  8.91  GHz,  S21  *  -2.2 
dB  and  Sn  *  -3.88  dB 

£2  -  10.06  GHz 

@  f2  -  9.94  GHz,  S2i  »  -2.50 

BW«  1.316  GHz  *  0.14  £r 

dB  and  Sn  *  -3.58  dB 

fa  -  7.74  GHz 

BW  «  f 2  -  f !  «  1.03  GHz 
»  O.llfr 

fb  -  11.06  <2Iz 

@  f a  *  8.7  GHz, 

S2i  *  -29.43  dB 

®  fb  *  10.24  GHz, 

S2i  =  -30.17  dB 

Actual 

*  0.8  dB 

@  f r  =  9.4  GHz,  S21  88  -2.96  dB  and  Sn  =  -15.04  dB 

@  f  1  =  9.17  GHz,  S21  *  -6.40  dB  and  Sn  =  -11.40  dB 

§  f 2  *  9.94  GHz,  S21  =  -6.60  dB  and  Sn  *  -3.62  dB 

3  dB  Bandwidth  -  0.77  GHz  *  0.08fr 

@  fa  *  8.7  GHz,  S2*  '  -34.5  dB 
§  fb  *  10.24  GHz,  S21  =  -36.1  dB 
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Design  of  Diode  Section  of  Frequency  Doubler 

In  the  design  process  of  the  diode  section  of  the 
frequency  doubler,  there  were  two  main  concerns,  namely, 
impedance  matching  and  biasing  of  the  diode. 

M/A-CQM  gave  typical  iirpedances  of  the  input  and  output 
ports  of  the  MA44706  diode.  These  iirpedances  vary  from  diode 
to  diode.  The  input  impedance  Zin  ranges  frem  5  ft  to  10  ft, 
while  the  output  impedance  Zout  ranges  from  40  ft  to  50  ft. 
Zout  is  reasonably  close  to  50  ft,  so  it  was  initially  assumed 
that  impedance  matching  was  unnecessary  for  the  output  port 
of  the  diode.  However,  impedance  matching  was  definitely 
necessary  for  the  input  port.  Here,  it  was  assumed  that  Zin 
was  in  the  center  of  the  range  of  possible  values  given, 
namely,  7.5  ft. 

The  technique  of  designing  the  impedance  matching 
network  is  described  in  detail  by  Pozar.  [34]  The  network 
consists  of  a  shunt  stub  of  length  Is  at  a  distance  d  from 
the  load,  as  illustrated  in  Figure  24.  It  is  easier  to  work 
with  admittance  when  dealing  with  shunt  elements.  The 
d  is  chosen  so  that  the  admittance  looking  towards 
the  load  at  that  distance  is  YA  =  Yo  -  jB,  where  Yo  =  1/Zo  and 
Zo  =  50  ft.  Thus,  d  matches  the  real  part  of  the  admittance. 
The  susceptance  -B  is  inductive.  Thus,  to  match  the 
imaginary  part  of  the  admittance,  a  capacitive  shunt  element 
of  susceptance  +B  is  necessary.  This  is  provided  by  a  50  ft 
shunt  stub,  the  length  of  which  is  chosen  to  provide  the 
necessary  capacitive  susceptance  of  +B.  Thus,  with  the  stub 
in  place,  when  looking  from  the  stub  down  the  transmission 
line  towards  the  load,  the  admittance  that  is  seen  is  Y  s  Yo 
+  jB  -  jB  *  Yo.  Using  two  stubs  opposite  from  each  other 
yields  even  better  results  since  the  stub  lengths  would  turn 
out  to  be  shorter  than  that  of  a  single  stub.  Shorter  stubs 
would  make  the  impedance  matching  network  less  frequency 
sensitive.  [35] 
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The  diode  was  represented  by  a  real  load  impedance  Zl  * 
Zin  *  7.5  Q.  The  frequency  which  was  desired  to  be  delivered 
to  the  load  was  4.7  GHz.  In  order  to  find  the  wavelength  X 
at  that  frequency  along  a  50  Q  line,  the  program  "Microstrip" 
was  used.  The  circuit  board  parameters  plugged  into  the 
program  were  the  same  as  with  the  filters,  except  that  this 
time  the  variable  freq  *  4.7  (2iz.  Thus,  X  *  46445  microns, 
or  4.6445  cm. 

The  impedance  matching  is  outlined  on  the  Smith  Chart 
illustrated  in  Figure  25 .  The  normalized  admittances  and 
impedances  are  denoted  here  with  primes.  Thus,  the 
normalized  load  impedance  was 


Zl'  =  ZjjZq  *  0.15. 


The  load  admittance  Yl'  may  be  found  on  the  Smith  Chart 
opposite  Zl'  an  the  6.7  SNR  circle. 


Y°  / 

^  Y0  [|]Yl«1/Zl 

/y  is  y 

\ 

ZL'  =  ZL/Zb  =  0.15,  Y  ’  =  ll\'  =  6.7 mhos 

A 

Figure  24:  Impedance  matching  on  input  side  of  diode.  Note  that  the 
load  represents  the  diode. 
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IMPEDANCE  OR  ADMITTANCE  COORDINATES 


Figure  25;  Smith  chart  used  for  impedance  matching 
the  diode  to  the  circuit. 
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The  distance  d  was  found  by  moving  clockwise  towards  the 
generator  until  reaching  the  circle  of  normalized  conductance 
G'  *  1.  That  point  was  labeled  YA'  on  the  Smith  Chart.  The 
distance  d  was  found  to  be  0.68X,  or  3.1552  cm.  From  the 
Smith  Chart,  YA'  ■  1  -  j2.2.  Thus,  a  total  capacitive  stub 
susceptance  of  +2.2  was  necessary.  However,  two  stubs 
opposite  from  each  other  were  used.  Recall  that  total 
capacitance  equals  the  sum  of  the  individual  parallel 
capacitances.  If  the  total  capacitance  of  the  stubs  is 
denoted  by  C,  and  the  individual  capacitances  are  denoted  by 
Ci  and  C2,  then  C  *  Ci  +  C2.  The  total  admittance  is  then 
jooC  *  (jwXCi  +  C2)  *  jcoCi+  j<o  C2.  Ci  *  C2 /  so  the  two 
susceptances  are  equal.  In  other  words,  each  stub  must 
provide  a  susceptance  of  +1.1.  The  length  of  each  stub  ls 
was  found  by  tracing  the  edge  of  the  Smith  Chart  fran  Y'  *  0 
clockwise  (towards  the  generator)  to  the  angle  where  B'  - 
+1.1.  (Y'  *  0  represents  the  outer  edge  of  each  stub,  where 
inpedanoe  is  infinite.)  Thus,  1«  *  0.132k  =  0.6131  cm. 

The  biasing  was  acccnplished  by  means  of  a  shunt  bias 
resistor  connected  to  the  circuit  in  such  a  way  as  to  avoid 
producing  reflections  or  behaving  as  an  antenna.  This  was 
acccnplished  by  using  a  square  pad  which  was  a  quarter 
wavelength  on  a  side.  The  pad  was  connected  to  the  circuit  by 
a  very  narrow  line  of  a  quarter  wavelength  long.  This 
biasing  line  was  located  on  the  output  side  of  the  diode  at  a 
distance  from  the  diode  much  less  than  a  wavelength  at  9.4 
GHz.  The  basic  principle  behind  this  topology  is  that  a  wave 
that  leaks  from  the  50  ft  line  to  the  bias  line  first  sees  a 
very  high  impedance  on  the  narrcw  section  and  then  suddenly 
sees  a  very  lew  impedance  at  the  quarter  wavelength  square 
pad.  These  sudden  changes  in  impedance  reflect  most  of  the 
pewer  of  the  waves  near  9.4  GHz  which  attempt  to  penetrate 
the  bias  line.  The  quarter  wavelength  dimensions  cause  the 
highest  amount  of  reflection  at  9.4  GHz  since  half  the  wave 
fits  folded  on  itself  within  the  pad  as  it  is  being 
reflected. 
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A  diagram  of  the  diode  circuit  is  illustrated  in  Figure 

26. 

An  attenpt  was  made  to  siirulate  the  frequency  doubler  on 
MDS.  However,  the  software  was  unable  to  simulate  the 
circuit  with  the  output  bandpass  filter  included. 

A  drawing  of  the  diode  circuit  is  shewn  in  Figure  27a. 
In  the  fabrication  of  the  diode  circuit,  a  hole  was  drilled 
in  the  brass  plate  just  deep  enough  and  of  the  right 
dimensions  so  that  the  cathode  of  the  diode  can  have  a  snug 
fit.  After  the  circuit  board  was  etched,  a  hole  just  wide 
enough  for  the  anode  was  drilled  at  the  desired  location  on 
the  circuit  board  in  such  a  way  so  that  the  diode  was  offset 
slightly  from  the  center  of  the  50  Q  line.  The  diode  and 
circuit  board  were  soldered  to  the  brass  plate  using  Indium 
solder  since  this  type  of  solder  has  a  lew  melting  point, 
thus  avoiding  damage  to  the  diode.  The  anode  was  soldered  to 
the  circuit  board  using  the  usual  tin  solder,  however,  since 
it  was  only  necessary  to  expose  the  anode  to  high  tenperature 
mcmsntarily. 

Figures  27b,  27c  and  27d  are  illustrations  of  the 
final  version  of  the  frequency  doubler,  as  will  be  discussed 
in  the  next  section. 
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Figure  27a:  Drawing  of  diode  circiut  in  its  initial  form. 
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Figure  27b:  Photograph  of  diode  circuit  in  its  final 
foxm. 
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Stub 

Dimensions  of  copper  portion 

A 

5  mm  square;  copper  only  on  bottom  of  dielectric 

B 

11mm  x  5  mm;  copper  on  top  and  bottom  of  dielectric 

C 

5  mm  square,  copper  on  top  and  bottom  of  dielectric 

D 

5  mm  square;  copper  tape 

Key: 

— Copper  on  one  or  both 
surfaces  of  dielectric 

■ 

- Region  on  stub  where 

dielectric  is  exposed  on 
both  sides. 

IH 

- Copper  tape 

Figure  27c:  Diagram  of  diode  circuit  in  its  final  form.  Locations  and 

dimensions  of  additional  stubs  are  shown.  All  units  are  in 
millimeters. 
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Results 


The  three  modular  sections  of  the  frequency  doubler  were 
assembled  via  SMA  adapters.  The  circuit  was  tested  by  using 
an  HP  8340B  frequency  synthesizer  as  a  source  and  measuring 
the  output  with  an  HP  8566B  spectrum  analyzer.  After  the 
initial  set  of  results  were  obtained,  the  frequency  doubler 
circuit  was  modified  slightly  in  order  to  improve  its 
performance. 

During  the  initial  set  of  measurements,  when  the  input 
frequency  was  4.7  GHz,  the  best  efficiency  was  observed  when 
the  input  power  was  11.0  dBm  (12.59  mW)  and  the  bias 
resistance  was  set  on  about  100  kQ.  That  efficiency  was 
given  by  the  following  equation: 

Efficiency  »Eff  =  (Power  out) /(Power  in) 

*  0.35  itW  /  12.59  nW  *  .0275,  or  2.75  %. 

Figure  28  shows  a  plot  of  the  output  frequency 
response.  It  is  a  plot  of  power  (in  dBm)  and  efficiency  (in 
percent)  versus  frequency.  The  highest  efficiency  (5%) 
occurred  at  about  9.5  GHz. 

In  order  to  improve  the  efficiency  and  response,  it  was 
necessary  to  determine  where  much  of  the  loss  was  occurring. 
The  input  power  was  11.0  dBm,  while  the  output  pcwer  was  no 
higher  than  -2.0  dBm.  That  means  that  the  overall  loss  was 
at  least  13  dBm.  Recall  that  the  lowpass  filter  had  an 
.insertion  loss  of  about  1  dB  at  4.7  GHz  and  that  the  bandpass 
filter  had  an  insertion  loss  of  about  3  dB  at  9.4  GHz.  This 
made  it  clear  that  most  of  the  power  was  being  lost  in  the 
central  diode  circuit  itself.  Two  possible  sources  of  loss 
were  investigated,  namely,  the  bias  line  and  the  impedance 
match  of  the  diode  to  the  rest  of  the  circuit. 
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The  bias  line  initially  consisted  of  a  fixed  resistor  in 
series  with  a  variable  resistor,  as  illustrated  in  Figure 
27a.  The  fixed  resistor  was  soldered  to  the  square  quarter- 
wavelength  bias  pad.  It  was  found  to  have  some  stray 
capacitance  and/or  inductance  since  if  its  leads  were  bent 
slightly  the  efficiency  of  the  frequency  doubler  would  change 
significantly.  A  similar  phenomenon  was  observed  with  the 
wires  connecting  the  variable  resistor  to  the  circuit.  Any 
stray  capacitance  and  inductance  also  undoubtedly  had  some 
effect  on  the  frequency  response  of  the  circuit.  Thus,  both 
resistors  were  removed.  In  their  place,  two  variable 
resistors  were  put  in  series  without  adding  lengths  of  wire 
to  the  leads  in  order  to  minimize  any  stray  capacitances  or 
inductances.  Where  the  fixed  resistor  had  been,  an  adhesive 
copper  tape  was  placed  on  the  circuit  board,  with  one  end 
soldered  to  the  square-quarter-wavelength  pad  and  the  other 
end  soldered  to  one  of  the  rectangular  pads  (see  Figure  27b 
and  Figure  27c ) .  The  width  of  the  copper  tape  was  as  small 
as  could  be  cut  (1  nm)  in  order  to  have  a  high  impedance.  A 
square  piece  of  copper  tape  was  placed  an  the  narrow  adhesive 
copper  line  in  order  to  provide  seme  capacitive  loading  which 
reflects  more  of  the  signal  out  of  the  bias  line.  The 
dimensions  of  this  piece  were  5nm  x  5mm,  or  approximately  a 
quarter  wavelength  on  a  side.  (The  exact  dimensions  of  a 
quarter  wavelength  for  the  tape  could  not  be  known  due  to  the 
unknown  dielectric  constant  and  thickness  of  the  adhesive  on 
the  bottom  of  the  copper  tape.)  The  edge  of  the  square 
copper  tape  was  located  2  irm  from  the  original  square-quarter- 
wavelength  biasing  pad.  Figure  27b  is  a  photograph  of  this 
final  form  of  the  diode  circuit,  and  Figure  27d  illustrates 
the  entire  frequency  doubler. 

The  impedance  match  was  improved  by  cutting  out  tiny 
pieces  of  31  rail  circuit  board  and  using  them  as  capacitive 
stubs,  as  shown  in  Figure  27c.  Copper  was  etched  away 
leaving  the  desired  dimensions.  First,  the  input  impedance 
was  improved  with  two  stubs,  one  before  and  one  after  the 
original  pair  of  stubs.  Then,  the  circuit  performance  was 
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further  improved  with  a  stub  to  improve  the  output  impedance 
match.  These  stubs  were  taped  in  place  once  their  optimum 
locations  were  found  by  trial  and  error.  Hie  dimensions  of 
these  stubs  were  empirical. 

The  results  of  the  modifications  are  tabulated  and 
plotted  in  Figures  29a  and  29b,  respectively.  Notice  that 
the  highest  efficiency  was  now  13.8%  located  at  9.4  GHz. 
Thus,  not  only  was  the  efficiency  improved,  but  the  frequency 
response  was  also  improved. 

Commercially  available  frequency  doub*.  *rs  tend  to  have 
efficiencies  of  about  6%.  Thus,  the  usefuu  passband  may  be 
defined  as  that  region  of  the  response  in  which  most  of  the 
efficiencies  exceed  6%.  With  this  definition,  the  useful 
passband  of  the  frequency  doubler  ranges  from  9.35  GHz  to  9.8 
GHz.  This  means  the  bandwidth  is  about  0.45  GHz.  The 
typical  efficiency  in  this  defined  passband  was  found 
approximately  by  averaging  the  measured  efficiency  values  in 
the  passband.  Thus,  the  typical  efficiency  was  found  to  be 
8.31%. 


In  future  frequency  doublers,  a  few  improvements  in  the 
design  and  fabrication  may  improve  the  circuit  behavior. 
First,  instead  of  taking  the  manufacturer's  ward  on  the  input 
and  output  Impedance  of  the  diode,  if  time  permits,  it  may  be 
wise  to  initially  build  a  diode  circuit  for  the  sole  purpose 
of  measuring  the  input  and  output  impedances.  This  minimizes 
the  need  for  extra  tuning  ("tweaking")  stubs  which  may  have 
undesirable  effects  on  the  frequency  response,  such  as  the 
"valleys"  in  the  passband.  Second,  all  filters  may  be  less 
lossy  if  they  are  soldered  to  the  brass  plate,  instead  of 
just  bolted  down,  since  this  eliminates  air  gaps  between  the 
circuit  board  and  the  brass  plate.  Such  air  gaps  cause 
unknown  capacitances  which  may  alter  the  frequency  response. 
A  third  improvement  is  to  place  two  chip  capacitors  on  the 
central  diode  circuit,  one  located  before  the  input  impedance 
matching  network  and  the  other  after  the  output  impedance 
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Figure  29a:  Tabulated  results  of  final  form  of  the  frequency  doubler. 
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Power  of  output  signal,  dBm 


Frequency,  GHz 


Figure  29b:  Plotted  results  of  final  version 
of  circuit. 
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Efficiency,  in  % 


Appendix  A:  Notes  on  the  Program  called  "Microstrip" 

"Microstrip"  is  a  program  which  calculates  either  the 
characteristic  impedance  or  the  width  of  a  microstrip 
transmission  line/  depending  on  what  the  user  specifies.  It 
also  corrects  the  effective  dielectric  constant  e«f£  for 
frequency  and  provides  the  wavelength  along  the  transmission 
line.  The  program  is  based  on  two  papers,  one  written  by 
James  J.  Lev  [36],  and  the  other  by  M.  Kirsching  and  R.  H. 
Jansen  [37]. 

The  program  initially  requests  the  user  to  enter  the 
circuit  board  dielectric  constant,  the  dielectric  thickness, 
the  height  of  the  metal  casing  above  the  circuit  board 
ground,  the  copper  thickness  and  the  design  frequency,  as 
illustrated  in  Figure  9.  It  then  asks  the  user  whether  it 
is  desired  to  find  the  impedance  or  the  width  of  the 
transmission  line.  If  the  impedance  is  desired,  the  user 
enters  the  width,  and  vice  versa.  In  either  case,  the  values 
for  the  effective  dielectric  constant,  1,  k/4  and  k/8  are 
pmvidscj . 

Lev  wrote  his  paper  to  find  seme  calculated  value  of 
impedance  Zocaic  by  comparing  it  to  the  required  value  of 
inpedance  Zoreq  through  sane  iterative  process  which  repeats 
in  the  program  until  Zoreq  -  Zocaic  *  0*  Zocaic  is  found  from 
the  foliating  equation: 

Zoair 

Zocaic  =  -  (A-l) 

[eeff(f*0)]l/2 

where  E«ff  (f=0)  is  the  dielectric  constant,  assuming  frequency 
is  0,  and  Zoair  is  the  inpedance  in  an  air  dielectric.  Both 
£eff  and  Zoair  are  found  from  the  following  system  of 
equations: 


67 


Zoair  -  Z()air*»  “  AZoair 


(A-2) 


vtere 


f  (w/h) 

Zoair^=  60  In  [  - +  [1  +  (2h/w)2]i/2  ]  (A-3) 


w/h 


f  (w/h)  =  6  +  (2jc  -  6) exp 


30.666  \  0.7528 


L  V  w/h 


(A-4) 


AZOair  -  PQ 


(A- 5) 


P  =  270  {l  -  tanh  [l.l92  +  0.706(1  +  h2/h)i/2 

-  1.389/(1  +  hz/h)  ]  }  (A-6) 

Q  =  1.0109  -  tanh-i  (  [o. 012 (w/h)  +  0.177 (w/h) 2  - 

0.027 (w/h) 3 ]  / (1  +  hz/h)2)  (A-7) 

6eff(f=0)  =  (£r+  l)/2  +  (q)(er-l)/2  (A-8) 

%  is  the  dielectric  constant  of  the  circuit  board  dielectric 
material. 

q  =(<*.-  Qt)qs  (A-9) 

=  [1  +  10  (h/w)  ]  j  (A-10) 
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j  =  a(w/h)b(£r) 


(A- 11) 


a(w/h)  =  1+  (1/49 ) In {  (w/h) 2  [(w/h)2  +  (1/52)2]/ 

[(w/h)4  +  0.432]  } 

+  (1/18.7)  In  [1+  (w/18.1h)3]  (A-12) 

b(er)  =  -0.564  [  (er  -  0.9) /(er  +  3.0)]o.o63  (a-13) 


qfc  =  (2/jc)ln{2) 


[- 


t/h 


(w/h)  1/2 


(A-14) 


1.164 


q,  =  tanh  1 . 043+0 . 121  (h2/h)  - 


h2/hJ 


for  (1^/h)  >  1  (A-15) 


The  effective  dielectric  constant  Eeff  is  not  really  a 
constant  but  changes  slightly  as  a  function  of  frequency. 
The  equations  provided  by  Kirschning  and  Jansen  correct  the 
eeff  for  frequency.  The  following  equation  is  used: 

Er  ”  Eeff  ( f =0 ) 

Eeff(f)  =  £r  ~  -  (A-16) 

1  +  P(f) 


where  £eff(f)  is  the  effective  dielectric  constant  as  a 
function  of  frequency  f,  and  P(f)  is  given  by  the  following 
systen  of  equations: 


P(f)  =  PiP2[  (0.1844  +  P3P4)10fh3 1-5763 


(A-17) 


Pi  -  0.27488  +  [0.6315  +  0.525/(1  +  0.15fh)20]u 


-  0.065683  exp(-8.7513u)  (A-18) 

P2  *  0. 33622 [1  -  exp (-0. 0344 2er)  ]  (A-19) 

P3  «  {0.0363  exp[- 4.6u]>{1  -  exp[-(fh/3. 87)4.97]}  (A-20) 

P4  -  1  +  2.75{1  -  exp[-(er/15. 916)8]}  (A^21) 

u  «  w/h  ( A-22 ) 

fh  -  h/Xo  (A-23) 

Xq  =  wavelength  in  free  space 


The  wavelength  X  in  the  transmission  line  at  the  design 
frequency  is  then  found  from  the  well  known  definition  of 
given  belcw  [38]: 

XAo  -  l/[e«ff(f)]i/2  (A-24 ) 
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